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INRODUCTION
The performance of computational protein docking methods 1 has significantly improved in recent years, as witnessed by the results of CAPRI (Critical Assessment of Predicted Interactions), a community-wide experiment for objectively assessing progress in these methods 2 .
Available docking procedures are increasingly successful in accurately predicting the structure of a protein complex starting form the known structures of the free monomers (unbound-unbound docking), when the latter undergo limited conformational changes upon association. 2 However, experimentally determined 3D structures are currently available for less than 1 out of a thousand proteins with known amino acid sequence information. On the other hand, analyses of protein structures determined so far revealed that these structures represent variations around common themes, or proteins folds, that the repertoire of such folds is limited 3 , and that this repertoire has essentially been mapped out in recent years notably by structural genomics efforts 4 . This has brought to the forefront the role of homology modeling techniques that derive the 3D structure of a protein from its amino-acid sequence using as template the known structure of a related protein 5 . Results of CASP (Critical Assessment of Structure Prediction) have shown that these techniques have become increasingly reliable 6, 7 , with protein structures predicted by these methods becoming sufficiently accurate for many applications in biomedical research 8 .
Furthermore, it has been suggested that the landscape of known protein structures can also be exploited to computationally derive structural information on protein complexes 9 10 . This has opened up the attractive possibility of further populating the structural landscape of protein complexes, which has so far remained very poorly characterized by experimental methods. 4 Bootstrapping of structural information from known structures of individual proteins to complexes can be done using two main approaches. The most common approach, used increasingly often in CAPRI Rounds, is to predict the structures of the individual protein subunits by homology modeling techniques, and employ protein docking methods to derive the structure of the complex from the predicted subunit models 11 2 . Another approach, the so-called template-based modeling approach 10, 12 , models the structure of the target complex directly on the basis of a template representing the known 3D structure of a complex whose components are related to the subunits of the target protein. It was recently suggested that this latter approach could be used for genome-scale predictions of protein-protein interactions, provided the template complexes available in the PDB are sufficiently similar to the target complex 10 . However, due to the paucity of known structures of protein complexes, the identified templates are often too distantly related to the target complex to enable accurate modeling of its structure. This currently hampers the large-scale applicability of template-based approaches. While the template-based approaches may ultimately represent a breakthrough that will play an important role in the future, almost 50% of the targets in CAPRI experiments are still best tackled by combining homology modeling of the individual subunits with docking methods to derive the structure of the complex.
But even this approach remains challenging, as it yields results that can vary widely in accuracy.
An analysis of CAPRI targets has recently shown that the global sequence identity between the template and target proteins is a good predictor of the achievable quality of the docking models 13 , in turn suggesting that the ability to build accurate homology models for the interacting components critically influences docking predictions. Another study suggested that in general, the structural differences between the target and template proteins may affect docking performance much more than moderate sequence diversity, even when a template represents an A key requirement for methods developers who wish to address these questions is to have access to a dataset of experimentally determined target complexes, for which a large set of sufficiently diverse templates has been identified in the PDB for the components of each complex. The task at hand for developers would then be to test different homology modeling techniques in conjunction with various docking and refinement approaches, in order to determine the factors that critically influence the prediction performance. This is the idea underlying the benchmark dataset that we present in this study. Benchmark datasets play an important role in the development of computation methods. The protein docking benchmark 15-18 19 has established a community-wide standard for the development and validation of docking methods. This 6 benchmark contains a list of protein complexes and corresponding individual (unbound)
components whose structures have all been solved by x-ray crystallography. By using the unbound structures as input, the performance of docking protocols can be assessed by their ability to reproduce the solved crystal structure of the complex. This benchmark dataset has recently been extended to include association constants and binding free energies curated from the literature, enabling developers to benchmark scoring schemes that can be used to estimate these energies from structural information 20 21 . To further support method developments in the docking field, the DOCKGROUND resource 22, 23 proposes a reference dataset for benchmarking the performance of docking methods that take as input subunit models built by homology. For each of the 165 experimentally determined target complexes in this dataset, six models are generated for each of the component proteins using one state-of-art homology modeling method. 23 These models display model-to-native Cα α α α RMSD values ranging from 1 to 6 Å, enabling methods developers to assess the impact of the accuracy of subunit models on the docking results.
The dataset and resource described in this study offers the possibility of probing more deeply into the challenges of combining homology modeling with docking calculations. The dataset is built starting from complexes in version 4.0 of the Weng docking benchmark [15] [16] [17] [18] 
METHODS
Building the benchmark dataset
The starting point for building the dataset is the list of complexes from the widely used docking benchmark version 4.0. 18 From this list we select only complexes of the enzyme-inhibitor (E) or others (O) category, since homology modeling of antibodies and antibody-antigen docking is considered to represent a special challenge. To ensure that homology modeling is restricted to the level of protein domains, we further trim the dataset to contain only complexes representing domain-domain associations. The domains are defined based on the CATH classification. 26 For each of the complexes in the resulting list, we collect for both components of the complex all solved structures of related proteins deposited in the PDB. This is performed by running BLASTP 27 against the PDB SEQRES database using a high e-value of 10. This lenient restriction guarantees a comprehensive coverage of the templates, which can then be easily filtered further to customize the benchmark for specific purposes. PDB entries containing a hit 9 template for both components of the complex (and hence representing a homologous complex)
are stored in a separate list.
While BLASTP is fast and convenient for the preliminary identification of related PDB entries, further steps are necessary to verify that the alignment does indeed cover the protein domain of interest, and that the solved structure contains all residues in the PDB SEQRES records (discrepancies between the recorded sequence in SEQRES and that in the solved structure are not uncommon). To this end we retrieve the amino acid sequence from the atomic coordinates 
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The set of templates for each of the complexes in the benchmark can be defined by the user, by specifying a range of sequence similarity, or sequence identity values. The retrieved set can be filtered further by experimental method (X-ray, NMR, or All) or release date. In addition, the user can generate a list of PDB chains to be excluded from the template set, e.g. PDB chains with sequence similarity higher than the higher cutoff in the specified range (e.g. higher than 60% if a range of 30-60% sequence similarity was specified). This is helpful for the optimization of modeling approaches that use templates with very low global sequence identity. 13 The customized benchmark can be viewed dynamically online, or downloaded in text format.
For each complex in the benchmark, template sets are provided for both the receptor and the ligand, as well as for the complex (i.e. structures of a complex formed by a homolog of the receptor and a homolog of the ligand), when available. The latter is helpful for the calibration of modeling tools aimed at refinement starting from a homologous interface. Thus, our benchmark allows for comparing the performance of modeling tools that use free or bound homolog structures, similar to earlier docking studies that used the bound or free monomer structures to assess the influence of binding on the structure of the individual partners, and the resulting effects on modeling accuracy.
Each template list contains a detailed description of the individual template structures, including the PDB ID (with link both to the PDB repository for download of the original structure, as well as a link to the structurally aligned template). In addition, information is provided on the protein chain(s), the name of the protein, the method used for structure determination, the resolution (if solved by x-ray crystallography), % sequence identity and similarity, the RMSD to the target structure, and the raw output from the pairwise sequence alignment. The table can be sorted by clicking on the header of any column. In addition to the pairwise sequence alignments between 
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all target-template pairs, the benchmark resource also provides a link enabling dynamic calculation and display of multiple sequence alignments (MSA) of the shown templates by running MUSCLE 30 . Prior to generating these alignments, the redundancy of the template sequences is reduced by removing identical sequences.
While any arbitrary template sets can be dynamically generated using combinations of the above-mentioned filters, we also provide a Light Version of the benchmark. This version simply returns the best template structure available for each target (the highest resolution x-ray structure).
RESULTS AND DISCUSSION
The benchmark dataset
Characteristics of the full benchmark dataset of 35 single-domain complexes are listed in Table 1 .
Templates in this list are structures of domains with 30-60% sequence similarity to individual components of each complex (the default similarity range). The Table lists lower RMSDs do correspond to templates with high sequence similarity to the targets, but the correlation coefficient is not strong enough to justify selection based on sequence identity only.
The last column in Table 1 lists the number of structures where homologs for both the receptor and ligand coexist in the same PDB. All the additional information about the retrieved templates, the corresponding multiple sequence alignments and superimposed structures are available on the benchmark website (http://cluspro.bu.edu/benchmark). Note that all but two of the complexes in Table 1 have homologs that can be used for testing template based docking methods. We emphasize that such complexes are available because the benchmark set includes heavily studied complexes. In contrast, very few CAPRI targets had homologous complexes suitable for accurate template based docking, and in most cases it was necessary to build and dock models of the component proteins. However, the standard docking methods frequently failed to provide accurate results, which contributed to the motivation for developing the benchmark described in this work.
An illustrative example:
The Complex of Caspase-9 and XIAP-BIR3 (1NW9, entry 13 in Table 1) For this target complex, we identified 569 related structures for Caspase-9 (chain B), 555
corresponding templates for XIAP-BIR3 (chain A), and 8 related complexes containing both proteins ( Figure 1) . A large number of structures have been solved for proteins related to caspase-9. Most of these are other caspases (caspase-3, -7, -8, etc.) with high structural resemblance to the target, but rather low similarity in sequence. While the global high similarity may make it an easy case for modeling the structure of caspase-9, the low conservation of the interface residues between the target and this selection of templates may represent a significant challenge in predicting, and accurately modeling, the interface of this complex.
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Concluding remarks
We built a resource aimed at facilitating the development and evaluation of combined homology modeling and protein-protein docking methods. The resource offers easy means for generating large, customized ensembles of potential template structures from the PDB, for the components of target complexes representing hetero-complexes of single domain proteins from the widely used docking benchmark V4. Using these template ensembles in conjunction with the corresponding targets, methods developers can investigate the influence of various factors, such as sequence and structural diversity, on the integrated process of template-based modeling and protein docking and its outcome. The resource tackles only the task of generating a curated set of templates for each target complex of the docking benchmark, and can thus serve as a starting point for the development and evaluation of any combination of template-based modeling, docking and refinement methods. Moreover, this curated set is not static over time but is dynamically updated on a weekly basis by automatically retrieving additional templates representing newly released PDB structures and eliminating those corresponding to obsolete PDB entries. In addition, new complexes added to the protein docking benchmark by the Weng lab will be manually introduced to our resource on a regular basis, and complemented with the corresponding templates from the PDB. The benchmark dataset can be viewed online and downloaded from the web site, http://cluspro.org/benchmark.
ACKNOWLEDGMENTS
We thank Dr. Ilya Vakser for useful discussions in the course of developing the benchmark set. 
